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Highlights 
 Compression characteristics of CFRP strengthened masonry wallettes were assessed. 
 CFRP strengthening improved the compressive resistance only about 10-20%.  
 Stiffness and ductility of the wallettes enhanced in the range of 15-30%.  
 CFRP strengthening can be used to retain the strength and deformability of masonry 
under eccentric compression.  
 
Abstract 
Strengthening of masonry walls using Fibre Reinforced Polymers (FRP) sheets have shown 
to improve the lateral (in-plane and out-of-plane) resistance and deformation characteristics. 
While the improvements in shear and flexural resistances of FRP strengthened masonry are 
well understood, their simultaneous influence on the compression resistance of the masonry 
is not well explored. Therefore, this study aimed to understand the contribution of Carbon 
Fibre Reinforced Polymer (CFRP) strengthening on the concentric and eccentric compression 
strength and deformation characteristics of masonry wallettes. Two types of clay bricks were 
used to construct the masonry wallettes with a commonly used cement-sand mortar. In total, 
36 masonry wallettes were experimentally tested under concentric and eccentric compression. 
The tests results are presented and discussed in terms of observed failure modes, compressive 
strengths and axial deformation characteristics derived. The failure of the CFRP strengthened 
wallettes were mainly attributed by crushing failure of masonry. The transverse stain readings 
of CFRP sheets on the wallettes confirm that the composite action exists in the CFRP 
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strengthened masonry wallettes. Further, CFRP strengthened wallettes tested under 
concentric compression have shown to improve the compression resistance only about 10-
20%. The stiffness and ductility of the wallettes strengthened with CFRP has improved (20-
30%) compared to the un-strengthened wallettes. Therefore it can be said that, although the 
CFRP application can improve the shear and flexural resistances, it does not significantly 
enhance the compressive strength and ductility, as the compression failure was governed by 
masonry crushing.  
 
Keywords: Masonry; Fibre reinforced polymer; Concentric compression; Eccentric 
compression, Stress-strain curve; Ductility 
   
1 Introduction 
Fibre reinforced polymers (FRP) are widely used as a feasible structural strengthening and 
retrofitting material due their high tensile strength, higher strength to weight ratio, resistance 
to corrosion and ease of application compared to other strengthening systems. The relatively 
weak tensile resistance and ductility characteristics of masonry demand for strengthening 
against transient action such as earthquakes, cyclones, impact, tsunami and natural disasters. 
Subsequently, masonry structures can be strengthened using the FRP solutions to improve the 
lateral loading resistances (in-plane and out-of-plane) and ductility against earthquake actions 
[1-3]. A large amount of research studies were conducted in this regard and they have shown 
that the FRP strengthening techniques improve the lateral resistance and ductility of masonry 
[4-9]; given proper bond compatibility is achieved between masonry substrate and FRP sheet 
[10-16]. 
 
Through extensive studies, the contribution of FRP to the lateral resistance and deformation 
of masonry members have been understood adequately and design guidelines were developed 
[17-18]. However, the structural response of FRP-reinforced masonry under compressive 
loading is not well reported in the literature. It could be hypothesised, since masonry is 
predominantly used as a deadload-bearing element, that the FRP reinforcement, could 
concurrently influence the compressive capacity and deformation characteristics. Therefore, 
designing the FRP-reinforced masonry could have to be verified and sometimes improved 
while considering changes in the compressive strength and deformation characteristics. 
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Consequently an experimental programme has been carried out to assess the influence of FRP 
strengthening solutions to the compression resistance of masonry.      
 
The literature review reveals that the several research studies were focused on assessing the 
confinement effect of masonry columns wrapped with FRPs, however limited attention was 
paid to walls or masonry wallettes/panels. Krevaikas and Triantafillou [19] tested Carbon 
FRP and Glass FRP- reinforced (CFRP and GFRP, respectively) masonry columns under 
uniaxial compression. It was reported that the FRP confinement of masonry columns 
increased the load carrying capacity by nearly 1.12 to 3.66 times and the deformation 
capacity in the means of ultimate strain at failure by 1.2 to 4 times compared to unconfined 
masonry columns. Corradi et al. [20] examined CFRP wrapped brickwork columns under 
compression. Their study revealed that the axial strength of CFRP confined columns 
increased nearly by 1.67 to 2.05 with increased stiffness along with ultimate strain capacity. 
Several more experimental and analytical studies were carried out to investigate the 
behaviour of FRP confined masonry columns with different masonry materials (Clay, 
Concrete and Tuff), FRP systems (CFRP, GFRP, and Basalt Fibres (BFRP)) and column 
types (Solid and Hollow) in the past [21-27]. Also few experimental and analytical studies 
were carried out on behaviour of FRP confined columns under sustained load or pre-damage 
states [28-29]. However, the behaviour of masonry wallettes/panels are different to masonry 
columns and the above mentioned characteristics are not systematically verified on FRP 
strengthened masonry wallettes/panels under compression.  
 
Apart from many studies dedicated on FRP application to masonry columns, very few 
countable studies have been carried out on masonry walls/panels/wallettes on the perspective 
of examining the influence of FRP application to the compression resistance. Valluzzi [30] 
used CFRP bars inserted into mortar bed joints to improve the compression capacity and 
creep of masonry, the experiments showed that this technique reduced the transverse dilation 
of masonry due to compression stresses, as the bars bear the tensile stresses otherwise bared 
by the bricks in masonry. Oliveira et al. [31] used similar technique along with grout 
injection to examine the compressive behaviour of three-leaf stone masonry. The results 
showed that the technique has increased the compression capacity of stone masonry.  
 
The effect of GFRP reinforced masonry wallettes under compression perpendicular and 
parallel to the bed joints have been assessed by Prakash and Alagusundaramoorthy [32]. The 
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compression strengths perpendicular and parallel to the bed joints increased nearly by 20% 
and 5%, respectively. Similarly, the corresponding stiffnesses were increased about 110% 
and 43% under compression perpendicular and parallel to the bed joints. Luccioni and 
Rougier [33] used transverse CFRP strips to laterally confine the masonry wallettes and 
tested under compression. It was revealed that the applied transverse CFRP strips did not 
significantly increased the compressive capacity; however increased the axial deformation 
capacity by nearly 240%. Further Prakash et al. [34] investigated compressive behaviour of 
GFRP wrapping to soft brick masonry prisms and showed that the technique could be used to 
increase the compression capacity of low strength masonry assemblies. A study by Brencich 
and Gambarotta [35] has shown that the FRP strengthening to masonry prisms contribute to 
increase the compressive resistance and the corresponding ductility. Recently, Witzany et al. 
[36] investigated the effectiveness of using CFRP strips applied transversely to the masonry 
walls and mainly concluded that careful tender of CFRP strips on masonry walls are needed 
as the load carrying capacity and deformation are influenced by the bond between FRP and 
masonry assembly, otherwise it was mentioned such strengthening technique may be 
ineffective.  
 
Hence, it can be highlighted that existing literature on the influence of FRP strengthening 
technique on the compressive resistance and deformation characteristics lack clarity, where 
some studies indicate the compressive strength can be improved and other studies revealed 
the strength enhancement is insignificant. Therefore, in order to better understand the 
influence of FRP strengthening on the compressive strength and deformation characteristics 
of masonry, an experimental programme has been designed and implemented. Consequently, 
the CFRP was selected and applied on masonry wallettes as the FRP strengthening material 
in this research. In total, 36 masonry wallettes were tested under concentric and eccentric 
compression in this research. The results are presented in terms of reported failure modes, 
strengths, axial stress-strain behaviour and moment curvature responses obtained in the 
experiment and influence of the CFRP application on the compressive resistance and 
deformation characteristics are discussed.  
 
2 Experimental programme 
The experimental programme involved testing of 36 wall wallettes (18 un-strengthened and 
18 CFRP strengthened) under concentric and eccentric compression. Initially, the constitutive 
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materials used in the research (clay bricks, mortar and CFRP) were characterized. Thereafter, 
construction of the masonry wallettes, application of CFRP and the testing procedures are 
explained in the following sub-sections. 
   
2.1 Units 
Two types of solid clay bricks were used to construction masonry wallettes. These bricks 
were purposely selected to cover the range of compressive strengths that are commonly 
available for the local construction in Sri Lanka. The two types of clay bricks are designated 
as B1 and B2. The density, compressive strength, modulus of rupture, elastic modulus and 
water absorption were determined and presented in Table 1. Six specimens were tested to 
determine each property. The coefficients of variation of brick testing results are given within 
the parentheses. It can be seen that the dimensions of these bricks are more or less same, 
however their mechanical properties are significantly different, as the B1 brick was a low kiln 
fired brick corresponds to category II manufacturing and B2 corresponds to quality controlled 
category I manufacturing as per BS EN 1996-1-1 [37], thus their mechanical properties are 
significantly different. Further no standards specifically outline the method of determining 
the elastic modulus of masonry units. Therefore, elastic moduli of the selected bricks were 
determined while conducting compression tests using clip gauges attached on the face side of 
the bricks as shown in Fig. 1 to capture the axial deformation on the brick and to compute the 
elastic moduli of the bricks. The elastic stress was considered as one-third of the peak stress 
of the stress-strain curve of clay bricks. The elastic strain was taken as the corresponding 
strain measured at one-third of the peak stress.  
 
Table 1: Properties of Clay Bricks 
Unit 
type 
Dimension/ 
(mm) 
(L×W×H) 
Density/ 
(kg/m3) 
Compressive 
Strength/ (MPa) 
Modulus of 
Rupture/ 
(MPa) 
Water 
absorption/ 
(%) 
Elastic 
Modulus/ 
(MPa) BS EN 772-13 
[38] 
BS EN 772-1 
[39] 
BS EN 772-6 
[40] 
BS EN 772-11 
[41] 
- 
B1 200×95×65 1757 (4.1) 4.05 (10.5) 0.71  (9.7) 11.3 (10.1) 3856 (8.7) 
B2 210×100×60 2218 (6.9) 17.3 (8.9) 2.83 (9.3) 6.3 (7.6) 10122 (9.4) 
 
2.2 Mortar 
Only one type of mortar designation is used in constructing the masonry wallettes. Different 
types of mortars were not considered as a variable in this study as there are plenty of studies 
related to influence of mortars to the compressive strength of masonry in the past [42-47]. 
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Ordinary Portland Cement (OPC) was used as the binder in the mortar, which is classified as 
CEM I 42.5N of BS EN 197-1 [48]. Mortar mix proportion of 1:5 (binder to sand) by volume 
was used to construct the masonry wallettes. The mortar mix was prepared based on the flow 
table consistency of 150 mm. The mean density, water absorption, compressive strength, 
elastic modulus and flexural strength of the mortar were determined at 28th day of casting and 
presented in Table 2. Six specimens were tested to determine each property of the mortar 
mixes. The mortar cylinder dimensions were 100 mm (diameter) and 200 mm (height). The 
mean compressive strengths of mortar determined through prism halve and cylinder samples 
are 6.6 MPa and 4.7 MPa respectively. Further, using the extensometers, the deformation of 
the mortar cylinders were recorded as show in Fig 1(b). Afterwards using the stress-strain 
curves of the mortar, the elastic moduli were computed and reported in Table 2.  
 
Table 2: Properties of cement mortar 
Density/ 
(kg/m3) 
Consistency/ 
(mm) 
Water 
absorption/ 
(%) 
Prism 
Compressive 
Strength/ 
(MPa) 
Flexural 
strength/ 
(MPa) 
Cylinder 
Compressive 
Strength/ 
(MPa) 
Secant 
Modulus/ 
(MPa) 
BS EN 1015-
10 [49] 
BS EN 1015-
3 [50] 
BS EN 1015-
18 [51] 
BS EN 1015-
11 [51] 
BS EN 1015-
11 [52]  
ASTM C780 
- 19 [53] 
- 
1869 (0.7) 148 (11.2) 8.5 (3.4) 6.6 (7.7) 0.42 (8.4) 4.71 (10.4) 3325 (9.9) 
 
2.3 CFRP 
The unidirectional CFRP sheet with epoxy resin strengthening system was used to apply on 
the masonry wallettes. The basic properties of the CFRP used in the research programme 
were obtained from the manufacturer’s datasheet. The unit weight (weight of unit surface), 
density and design thickness of the CFRP were 230 g/m2, 1.77 g/m3 and 0.17 mm, 
respectively.  
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Fig. 1. Material characterisation (a) brick compression testing (b) mortar compression testing 
and (c) tensile testing of CFRP.  
Only the uniaxial tensile strength of the CFRP sheets was experimentally verified as shown in 
Fig 1(c). The testing was based on the ACI 440.2R-08 [54] and performed at a displacement 
control loading rate of 0.5 mm/min in the 1000 kN universal testing machine. The elongation 
of the CFRP was measured using a clip gauge. Three samples were tested to get the average 
values of the tensile strength and elastic modulus of the CFRP used in this research. Rupture 
failure of CFRP was primarily reported under axial tension. The average tensile strength of 
1465 MPa with COV of 6.5% and elastic modulus of 71 MPa with COV of 14.4% were 
determined. The properties of resin were also obtained from the datasheet of the 
manufacturer. The specific gravity, geltime, and flexural strength were 1.8, 80 min, and 60 
MPa respectively. 
 
2.4 Wallette construction  
Masonry wallettes were constructed and tested as per BS EN 1052-1 [55]. In total, 36 
wallettes were constructed and tested with two types of clay bricks, and with and without 
CFRP application on the face sides of the masonry wallettes surface, similar to the 
application on the masonry walls. Subsequently, three wallettes were tested per each 
combination. All the masonry wallettes were eight unit courses high and two courses wide 
Extensometer 
(b) (a) 
Clip gauge 
CFRP 
Strain Gauge 
(c) 
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with two brick thickness. The wallettes were constructed with Flemish bond pattern. The 
wallettes were constructed by an experienced mason and 10 mm mortar joints were 
maintained.  
 
The CFRP application process was made after 14 days of the construction of wallettes. To 
apply the CFRP sheet, the face sides of the masonry wallettes were cleaned by sand paper to 
remove any excessive hardened mortar from the joints and loose particles on the surface. Wet 
layup technique was used to bond the CFRP sheet to masonry. A thick layer of two 
component saturating epoxy resin was applied on the masonry surface using paint roller as 
shown in Fig 2(a). Then the CFRP sheets that were cut to the required dimensions, later were 
pressed and pasted on the masonry surface as presented in Fig 2(b). The uni-directional 
CFRP sheets were applied horizontally to the wallettes, where the fibres are oriented parallel 
to the bed joints of the masonry. Then the paint roller was used to remove the entrapped air 
between CFRP sheet and masonry surface by rolling over with gentle pressure.  
 
The complete test matrix is given in Table 3. Fig 2(c) shows the CFRP strengthened masonry 
wallettes. It has to be noted that the CFRP sheets were applied only to the face sides of the 
wallettes, and not fully wrapped, to investigate the effectiveness of conventional shear 
strengthening method of CFRP application to the masonry walls. Furthermore, two eccentric 
loading conditions were adopted. Based on the width of the wallettes (i.e. 200 mm and 210 
mm for B1 and B2 series wallettes), the relative eccentricities of 0.13 and 0.33 were 
considered for the testing. Higher values of eccentricities were not considered as they are 
unlikely occur in the real construction practices. The relative eccentricity is defined as the 
ratio between the distances of load application from the center of gravity of the section to the 
distance of the edge of the section along the eccentric loading direction, where the load 
applied. The eccentric loading condition is schematically illustrated in Fig 3(a) and (b). 
 
An alphanumeric notation is used denote each testing combination. B1 and B2 are used to 
denote the type of brick used, followed by a letter indicates whether the wallettes are 
strengthened or not (U-unstrengthened and S-strengthened), the forth letter indicates the type 
of loading (C-concentric and E-eccentric) and the final number gives the relative eccentricity 
applied (0.13 and 0.33).   
 
Table 3: Experimental test matrix 
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Notation 
Brick 
type 
Wallette dimension 
 (mm) 
Strengthening 
type 
Type of 
loading 
Relative 
eccentricity 
Specimens 
tested 
B1-U-C-0 
B1 
410×200×590 
(length×width×height) 
U C 0 3 
B1-S-C-0 S C 0 3 
B1-U-E-0.13 U E 0.13 3 
B1-S-E-0.13 S E 0.13 3 
B1-U-E-0.33 U E 0.33 3 
B1-S-E-0.33 S E 0.33 3 
B2-U-C-0 
B2 
430×210×550 
(length×width×height) 
U C 0 3 
B2-S-C-0 S C 0 3 
B2-U-E-0.13 U E 0.13 3 
B2-S-E-0.13 S E 0.13 3 
B2-U-E-0.33 U E 0.33 3 
B2-S-E-0.33 S E 0.33 3 
 
 
 
Fig 2: CFRP application processes on the masonry wallettes (a) application of epoxy resin on masonry (b) 
pasting of CFRP sheets on masonry surface and (c) CFRP strengthened masonry. 
 
2.5 Test set-up 
The compression testing was carried out on a servo-controlled universal testing machine 
(UTM) with a maximum loading capacity of 1000 kN. The upper plate of the UTM was 
hinged to avoid loading misalignment. The wallettes were aligned carefully between the 
platens of testing machine to avoid any accidental eccentricity for the concentric loaded 
combinations. Further to reduce platen restrain effect between loading steel plate and 
masonry, 5 mm plywood capping was placed on the top and bottom bed faces of the 
wallettes. The compression testing was carried out at constant displacement controlled mode 
(i.e. 0.25 mm/min) to capture the complete post-crack behaviour of masonry wallettes tested 
under axial compression. Displacement transducers were attached on the specimens to 
capture the vertical deformation of the wallettes under compression as shown in Fig 3. In 
total, four displacement (two per face) transducers (LVDTs) were used to capture the vertical 
(a) (b) (c) 
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deformation of the wallettes and another two (one per face) were used to measure the lateral 
deformation at the mid-height. Furthermore, two strain gauges (one per face) were pasted to 
measure the lateral strain development on the CFRP sheets at the mid-height of the wallettes 
as indicated in Fig 3 (c) and (d). The average deformation measurement was taken to 
eliminate any possible eccentricities in the height and thickness directions of the wallettes. 
The loads and displacements/strains were measured and recorded using a synchronised data 
acquisition system.  
 
The eccentric compression testing loading was carried out by applying the axial load using 
cylindrical rollers on top and bottom as shown in Fig 3(b). Further, 50 mm thick steel plates 
were placed between the rollers and wallettes to uniformly distribute the eccentric load on the 
cross section. This eccentric loading arrangement warranted the constant eccentricity 
throughout the height of the wallettes.  
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Fig 3: (a) Diagram of concentric loading set-up (b) Diagram of eccentric loading set-up (c) Concentric loading 
testing and (d) Eccentric loading testing. 
 
3 Results and Discussion 
The experimental results of the wallettes tested under concentric and eccentric compression 
loading are presented and discussed in the following sub-sections.   
 
3.1 Failure patterns 
The typical failure patterns of concentric loaded wallettes tested without and with CFRP 
strengthening are shown in Fig 4. Commonly the cracks initiated at about 70% to 80% of the 
Top loading 
plate 
LVDT 
Bottom 
loading plate 
Strain gauge 
(c) 
Top roller 
Bottom 
roller 
LVDT 
Strain gauge 
(d) 
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peak load and the nonlinear behaviour of the load displacement behaviour was associated 
with the propagation of the initial cracks. The ultimate failure patterns of the un-strengthened 
B1-U-C-0 and B2-U-C-0 wallettes were mainly characterised with parallel vertical cracks on 
all the sides of the wallettes, which were originated at brick to mortar interfaces and 
propagated through the middle of the bricks. Similar behavior was found in the experimental 
studies reported in the past [56-59]. Further as CFRP sheets were covered on the face side of 
the wallettes, no visible cracks were noted for the B1-S-C-0 and B2-S-C-0 under concentric 
compression. However those wallettes have shown predominantly single splitting cracks on 
the short sides and no rupture of the CFRP was noted in the testing. Moreover, the inspection 
of the those split wallettes as shown in Fig 4(b) have revealed that the bricks were cracked 
inside on the face sides, however the CFRP application on those surfaces has prevented the 
degradation of the bricks and held them even after cracking.   
 
Further, the failure of un-strengthened wallettes under eccentric compression were 
characterised by splitting cracks developed on the sides as shown in Fig 5(a), also the 
compression face sides of the wallettes depicted conventional vertical parallel cracks as the 
failure is described by dilation of masonry under compression. Further, on the tension face 
side of the wallettes portrayed slight opening of mortar joints due to tensile bond failure 
between unit and mortar. The eccentrically loaded CFRP strengthened wallettes showed 
mainly splitting cracks on the un-strengthened sides as shown in Fig 5(b). There were no 
visible rupture of CFRP sheets were noted on the compression or tension faces of the wallets.   
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Fig 4: Failure patterns of concentric loaded wallettes (a) Un-strengthened and (b) Strengthened.  
  
 
Fig 5: Failure patterns of eccentric loaded wallettes (a) Un-strengthened and (b) Strengthened.  
 
3.2 Concentric compressive response 
Table 4 presents the mean concentric compressive strengths and deformation parameters such 
as elastic moduli, Poisson’s ratios, peak strains and ultimate strains obtained. The COVs of 
the parameters are given in parentheses. The compressive strength was calculated by dividing 
the measured peak load by loaded area (bedded area) of the wallettes. Obviously the B2 
series wallettes have shown higher compressive strength than the B1 series wallettes as the 
(a) 
(b) 
Vertical 
cracking 
Vertical 
splitting 
crack 
Vertical 
cracking 
in bricks 
(a) (b) 
Vertical 
cracks 
Splitting 
cracks 
Vertical 
Splitting 
crack 
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strength of the B2 brick was higher than the B1 brick, thus the unit strength mainly governs 
the compressive strength of masonry. Further, it can be noted that the strength increment in 
strengthened wallettes are around 20 % compared to the corresponding un-strengthened 
wallettes, thus it can be mentioned that the no significant change in compressive strengths 
between strengthened and un-strengthened wallettes were found.  
 
The lack of compressive strength enhancement in CFRP strengthened on masonry wallettes 
or subsequently to the masonry panels/walls could be due to the unconfined state of masonry 
in CFRP sheets on walls, unlike FRP strengthened/confined to masonry columns. The failure 
modes of strengthened wallettes under concentric compression justify the argument, where it 
was mainly attributed by the crushing of masonry. The cracks were predominantly developed 
on the un-strengthened sides of the wallettes and the ultimate failure was due to the splitting 
of the wallettes into two halves (sideways). Even through CFRP sheets was able to contain 
the crack development on the face sides of the wallettes under compression, the unconfined 
sides of the wallette followed similar failure pattern as of the un-strengthened wallettes. The 
average lateral strains measured on the CFRP sheets were 2374 µε and 1953 µε for B1 and 
B2 series wallettes tested under concentric loading respectively, which were less than the 
rupture strain of the CFRP. Therefore, it could be postulated the FRP strengthening of 
masonry would not significantly enhance the compressive resistance as the whole wall cannot 
be fully confined, unless some anchoring mechanism is developed to confine the thickness 
direction of the walls as well.           
 
The compressive stress-strain curves of the concentrically loaded un-strengthened and 
strengthened wallettes are shown in Fig 6. The three curves in every plot in Fig 6, refer to the 
three specimens tested in each combination.  The measured axial displacements were divided 
by the gauge length (across one half of the wallette height) to calculate the axial strain values 
and matched with the corresponding stress values computed from the load measurements to 
plot the stress-strain curves of the wallettes. It can be seen that the stress-strain curves of all 
the un-strengthened wallettes follow similar tread, despite the change in brick types. 
Generally the wallettes displayed approximately linear stress-strain behaviour up to 60 to 
70% of the peak strength and afterward nonlinear behaviour was observed up to the failure. 
Three distinct regions can be noted in the stress-strain curves (1) initial linear elastic region 
(2) non-linear pre peak hardening region and (3) non-linear softening region. The nonlinear 
behaviour was largely related with the initiation of vertical cracking in the wallettes. 
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Furthermore, it can be noted that the stress-strain curves were obtained up to nearly 20 to 
30% drop of peak stress in the post peak region. The reason for variation in the post peak 
response is largely associated with the failure nature and most of the testing was stopped after 
observing severe cracking and spalling of masonry pieces that influenced the post peak 
stress-strain responses of the wallettes.  
 
 
Fig 6: Axial stress-strain responses of concentric loaded wallettes. 
 
Further, the low strength B1 brick series wallettes have shown higher deformability than the 
relatively high strength B2 series wallettes as the axial deformation capacity of the B2 brick 
is less than B1 brick. Therefore, it can be said that the brick strength and its deformation 
properties significantly influence the overall stress-strain behaviour of masonry under 
compression. 
 
The stress-strain curves of strengthened wallettes under concentric compression are slightly 
different to the un-strengthened wallettes, where there was a break in the stress-strain curve 
associated with the splitting of wallettes into two halves. Thereafter the split two halves of the 
wallette behaved as individual columns and the load increment was noted until the failure of 
B1-U-C-0 
B2-U-C-0 
B1-S-C-0 
B2-S-C-0 
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those two halves. This failure pattern was not well observed in the past studies as all the 
wallettes/panels tested were single brick thickness [60-61]. However, this failure and stress-
strain curve phenomena are similar to the un-strengthened masonry wallettes tested under 
compression parallel to the bed joints, where the failure was through the bed joints and 
thereafter split masonry halved behaviour as individual components, readers can refer more 
details on this regard from Dhanasekar et al [62] and Thamboo and Dhanasekar [63].       
 
The average deformation characteristics of the masonry wallettes (1) elastic modulus, (2) 
Poisson’s ratio (3) peak strain (4) ultimate strain and (5) ductility were determined from the 
stress-strain curves. The elastic moduli of the masonry wallettes were determined at the one-
third of the peak stresses and corresponding elastic strains were matched in the stress-strain 
curve. The Poisson’s ratios were computed from the elastic axial strain values and the 
corresponding lateral strain values. The peak strain was determined conforming to the peak 
stress of the tested wallettes. The ultimate strain was acquired corresponding to the 80% of 
the post-peak stress. Further the ductility of the wallettes under compression loading were 
determined as per the method proposed by Muguruma et al [64] and Thamboo and 
Dhanasekar [65], where the stress-strain curve was idealised as an elastic-perfectly-plastic 
curve. The yield strain corresponds to the intersection of the bi-linear approximation. The 
ratio between the ultimate and the yield strain was defined as the ductility.  
 
Table 4: Strength and deformation characteristics of concentrically loaded wallettes. 
Notation Peak load 
(kN) 
Compressive 
Strength 
(MPa) 
Elastic 
Modulus 
(MPa) 
Poisson’s 
Ratio 
Peak Strain 
Ultimate 
Strain 
Ductility 
B1-U-C-0 99.4 (13.0) 1.23 (12.5) 710 (17.1) 0.21 (3.4) 0.0025 (9.9) 0.0027 (9.9) 1.84 (5.5) 
B1-S-C-0 
 
123.6 (11.6) 1.46 (11.5) 812 (5.6) 0.16 (14.4) 0.0027 (9.3) 0.003 (5.3) 2.01 (4.6) 
B2-U-C-0 
 
554.6 (9.5) 6.76 (9.2) 5074 (5.4) 0.18 (5.3) 0.0016 (14.8) 0.0018 (8.8) 1.82 (15.2) 
B2-S-C-0 596.2 (9.8) 7.49 (9.6) 5814 (7.2) 0.15 (11.7) 0.0019 (2.5) 0.0021 (11.7) 1.93 (12.4) 
 
It can be noted that there is a marginal increment (~10%) in elastic moduli between un-
strengthened and strengthened wallettes. Further, it can be noted from peak and ultimate 
strain values of strengthened wallettes have shown slightly more deformation than the un-
strengthened wallettes. Therefore, overall the CFRP application on the wallettes on both faces 
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has minimal influence on the strength and deformation characteristics of masonry wallettes 
under concentric compression.  
 
3.3 Eccentric compressive response 
It has to be mentioned that the behaviour of the eccentric loaded wallettes are not treated in 
terms of stress-strain responses, as the wallettes were not subjected to uniform stresses, 
therefore they are presented and discussed in terms of moment-curvature responses. Thus, the 
moment-curvature responses were derived by using the load-displacement responses of the 
wallettes tested under eccentric loading and schematically illustrated in Fig 7. The moment 
was obtained by multiplying the load measurements by the eccentricity applied, while the 
curvature (ϕ) was calculated by dividing the mean strain on each face of the wallettes by the 
corresponding thickness of the masonry. Cavaleri et al [66] and Cevallos [67] explained 
similar method of developing the moment-curvature curves, where hef and b are the height 
and thickness of the wallette. The h1 and h2 are the gauge lengths used for the axial vertical 
deformation measurement, subsequently the Δh1 and Δh2 are the axial deformation measured.  
 
 
Fig 7. Scheme for the calculation of the curvature.  
 
Fig 8 and 9 present the moment-curvature responses of the B1 and B2 series wallettes 
subjected to eccentric loading, respectively. The three curves in every plot in Fig 8 and Fig 9, 
denote to the three specimens tested in each combination. The critical load, moment and 
rotation capacities derived from the eccentric loading conditions from the testing data are 
h
2
 hef 
  
    
  
    
  
    
  
    
h
1
 
b 
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presented in Table 5. The peak load was taken as the maximum load reached in the eccentric 
testing data for each wallette testing combinations. The peak moment capacity corresponds to 
the multiplication of peak load by the respective eccentricity applied. The peak curvature 
(ϕpeak) was taken as the curvature value that corresponds to the peak moment capacity. The 
reductions in eccentric load compared to the relevant concentric loaded wallettes also given 
in the Table 5. The ductility of the eccentric loaded wallettes was determined as similar to the 
concentric loaded wallettes. However, instead of yield and ultimate axial strains, the yield 
and ultimate curvature points were taken to calculate ductility in the eccentric loaded 
conditions.  
 
It can be obviously noted as the eccentricity increases the peak load of the wallettes reduces 
despite of CFRP strengthening. The reduction in the load carrying capacities of the different  
wallette combinations tested vary between 15.5% to 24% for relative eccentricity of 0.13 and 
range between 28.3% to 43.9% for relative eccentricity of 0.33. However when comparing 
the peak load or moment carrying capacities between CFRP strengthened and Un-
strengthened wallettes, the strengthened wallettes have shown to bear slightly higher load and 
moment than the un-strengthened wallettes. Thus, the CFRP strengthening is relatively 
effective in resisting the combined axial and bending stresses in the wallettes. The peak 
curvature and the ductility values taken from the moment curvature responses curves also 
indicate that the CFRP strengthening has improved the rotational capacity of the masonry 
wallettes. Nevertheless, it has to be highlighted that the lack of strength and deformation 
capacity enhancement could be due to the failure nature of the masonry. Despite of CFRP 
application on the surface of the wallettes, the masonry still failed through compression 
crushing, thus the tensile capacity of the CFRP was not fully effective in resisting the bending 
stressed raised due to eccentric loading.      
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Fig 8. Moment-curvature response of eccentrically load B1 series wallettes. 
 
Table 5: Strength and deformation characteristics of eccentrically loaded wallettes.  
Notation 
Peak load 
(kN) 
Load 
reduction 
percentage 
(%) 
Peak 
moment 
(kNm) 
Change (%)  
Φpeak 
 (mm-1×10-5) 
Ductility 
B1-U-E-0.13 84.5 (5.7) 15.5 1.1 (5.7) 
11.5 
4.5 (12.5) 1.32 (3.9) 
B1-S-E-0.13 
 
104.2 (15.2) 13.0 1.4 (15.2) 5.6 (5.7) 1.53 (8.5) 
B1-U-E-0.33 
 
56.8 (6.6) 43.2 1.8 (10.3) 
25.0 
5.3 (4.6) 1.38 (5.1) 
B1-S-E-0.33 69.1 (9.1) 43.9 2.3 (9.1) 6.1 (10.4) 1.48 (4.5) 
B2-U-E-0.13 440.0 (14.2) 20.6 5.5 (14.2) 
15.0 
3.3 (7.7) 1.41 (5.7) 
B2-S-E-0.13 
 
524.3 (11.4) 17.0 6.8 (11.4) 4.3 (9.4) 1.84 (9.2) 
B2-U-E-0.33 
 
369.4 (14.7) 33.4 12.2 (15.8) 
18.0 
3.8 (3.9) 1.39 (18.2) 
B2-S-E-0.33 437.8 (16.9) 28.3 14.4 (16.9) 4.6 (5.3) 1.51 (7.3) 
 
B1-U-E-0.13 
B1-U-E-0.33 
B1-S-E-0.13 
B1-S-E-0.33 
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Fig 9. Moment-curvature response of eccentrically load B2 series wallettes. 
 
4 Summary and Conclusions 
The contribution of FRP strengthening to the in-plane shear and out of flexural behaviour of 
masonry is well researched; however effect of FRP application on the compression resistance 
of masonry, which has been used to the strengthen the masonry for shear and flexure is not 
well explored. Therefore this paper presented the results of an experimental study aiming to 
investigate the concentric and eccentric compressive strengths and deformation 
characteristics of masonry wallettes strengthened with CFRP sheets on their face sides. In 
total, 36 masonry wallettes were tested with and without CFRP application and different 
compression loading conditions (concentric and eccentric). The experimental results are 
presented and discussed in terms of failure patterns, compressive strength, stress-strain and 
moment curvature responses obtained. Based on the results obtained and the variables 
investigated, the following conclusions can be drawn: 
 
 The strain measurements on the CFRP sheets, especially the lateral strain indicate that 
the CFRP bonding is effective and the composite action exists in the strengthened 
wallettes under axial concentric loading.  
B2-U-E-0.13 
B2-U-E-0.33 
B2-S-E-0.13 
B2-S-E-0.33 
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 The failure patterns of concentric loaded un-strengthened and CFRP strengthened 
wallettes were mainly characterised by conventional vertical cracking of masonry 
parallel to the loading direction. No lateral rupture of CFRP was noted.   
 The CFRP strengthening has marginally increased (~10-20%) the compressive 
resistance of the masonry wallettes compared to the un-strengthened wallettes. 
However, the influence of FRP application to masonry wallettes/walls is not as 
effective as it contribute to the masonry columns with confinement.  Also the 
comparison of elastic moduli, peak strains, ultimate strains and ductility values 
between the CFRP strengthened and un-strengthened wallettes under concentric 
loading indicate that the strengthening method has slightly improved the deformation 
characteristics of the masonry.  
 The failure patterns of the un-strengthened wallettes under eccentric loading were 
attributed by failure of masonry by crushing on the compression side. However the 
CFRP strengthened wallettes have shown predominantly splitting vertical cracks on 
masonry on the un-strengthened sides. 
 Obviously, the eccentric loading has reduced the load carrying capacity of the 
wallettes; however the CFRP strengthened wallettes have shown to comparatively 
carry more loads in the eccentric loading condition than the un-strengthened wallettes. 
Further the rotational capacity and the ductility measurements of the eccentric loaded 
wallettes show that the strengthening method is moderately effective in enhancing the 
deformation characteristics.   
 
In summary, it can be highlighted even through the CFRP strengthening can be used to 
increase the shear and flexural resistances, its contribution to improve the compressive 
resistance is minimal. Nevertheless, in this research, the only the uni-directional FRP sheets 
were trialled as the strengthening material on masonry surface, however when it comes to the 
eccentric loading condition, the CFRP alignment should be on both directions on the faces of 
the wallettes to resist the tensile stresses on the bending side and as well as lateral dilation. 
Thus, further research studies are needed to investigate the FRP orientation on the 
compressive characteristics of masonry and also with different FRP systems such as glass, 
basalt and steel.     
 
J
ur
na
l P
re
-p
ro
of
22 
 
CRediT authorship contribution statement 
Julian Thamboo: Conceptualization, Funding Formal analysis, Data Curation, Writing - 
Original Draft. Satheeskumar Navaratnam: Formal analysis, Data Curation. Keerthan 
Poologanathan: Supervision, Writing - review & editing. Marco Corradi: Writing - review 
& editing. 
 
Declaration of interests 
The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper. 
 
Conflict of interest  
The authors declare there are no conflicts of interest in this research. 
 
Acknowledgements 
The Authors thank the South Eastern University of Sri Lanka for the financial support to this 
project (under the research grant of SEU/ASA/RG/2019/02) and provided technical support. 
The technical assistance provided by Mr Mohamed Jiffry, Mr Mohamed Farhan and Mr 
Mohamed Imthyas are greatly appreciated.  
 
References 
[1]. A. Monaco, G. Minafò, C. Cucchiara, J. D'Anna, L. La Mendola, Finite element 
analysis of the out-of-plane behavior of FRP strengthened masonry panels, Compos Part B 
Eng. 115 (2017) 188-202. 
[2]. R. Capozucca, E. Magagnini, Experimental response of masonry walls in-plane 
loading strengthened with GFRP strips, Compos Struct. 235 (2020) 111735. 
[3]. P.A. Buchan, J.F. Chen, Blast Resistance of FRP composite and Polymer 
Strengthened Concrete and Masonry Structures – A State-of-the-Art Review, Compos Part B 
Eng. 38 (2007) 509–522. 
[4]. T.C. Triantafillou, Strengthening of masonry structures using epoxy-bonded FRP 
laminates, J. Compos. Constr. 2(2) (1998) 96–104. 
[5]. M.A. ElGawady, P. Lestuzzi, M, Badoux, Aseismic retrofitting of unreinforced 
masonry walls using FRP, Compos Part B Eng. 37(2-3) (2005) 148–162. 
[6]. N. Galati, G. Tumialan, A. Nanni, Strengthening with FRP bars of URM walls subject 
to out-of-plane loads, Construct Build Mater. 20 (2006) 101–110. 
ou
r
al 
Pr
e-
pr
oo
f
23 
 
[7]. G. Marcari, G. Manfredi, A. Prota, M. Pecce, In-plane shear performance of masonry 
panels strengthened with FRP, Compos Part B Eng. 38 (2007) 887–901. 
[8]. P. Roca, G. Araiza, Shear response of brick masonry small assemblages strengthened 
with bonded FRP laminates for in-plane reinforcement, Constr Build Mater. 24 (2010) 1372–
1384. 
[9]. H. Maljaee, B. Ghiassi, P.B. Lourenço, D.V, Oliveira, Moisture-induced degradation 
of interfacial bond in FRP-strengthened masonry, Compos Part B Eng. 87 (2016) 47–58. 
[10]. Y.M. Saeed, W.A. Aules, F.N. Rad, A.M. Raad, Tensile behavior of FRP anchors 
made from CFRP ropes epoxy-bonded to uncracked concrete for flexural strengthening of RC 
columns, Case Studies Construct. Mater. 8 (2020) e00435. 
[11]. R. Fedele, G. Milani, Assessment of bonding stresses between FRP sheets and 
masonry pillars during delamination tests, Compos Part B Eng. 43 (2012) 1999–2011. 
[12]. J.A. Thamboo, M. Dhanasekar, C. Yan, Flexural and shear bond characteristics of 
thin layer polymer cement mortared concrete masonry, Constr. Build. Mater. 2013; 46; 104–
11 
[13]. C. Mazzotti, B. Ferracuti, A. Bellini, Experimental bond tests on masonry panels 
strengthened by FRP, Compos Part B Eng. 80 (2015) 223–237. 
[14]. J. A. Thamboo, M. Dhanasekar, Characterisation of thin layer polymer cement 
mortared concrete masonry bond, Constr. Build. Mater. 82 (2015) 71–80. 
[15]. J. Vaculik, P. Visintin, N.G. Burton, M.C. Griffith, R. Seracino, State-of-the-art 
review and future research directions for FRP-to-masonry bond research: Test methods and 
techniques for extraction of bond-slip behaviour, Constr. Build. Mater. 183 (2018) 325–345. 
[16]. J.A. Thamboo, Material characterisation of thin layer mortared clay masonry, Constr. 
Build. Mater. 230 (2020) 116932. 
[17]. A. Prota, G. Manfredi, F. Nardone, Assessment of Design Formulas for In-Plane FRP 
trengthening of Masonry Walls, ASCE J Compos Constr. 12 (2008) 643-649. 
[18]. CNR-DT 200. Guide for the design and construction of externally bonded FRP 
systems for strengthening existing structures. Rome: Italian Council of Research (CNR); 
2013. p. 1e144. 
[19]. T. Krevaikas, T.C. Triantafillou, Masonry confinement with fiber reinforced 
polymers, ASCE J Compos Constr. 9(2) (2005) 128–135. 
[20]. M. Corradi, A. Grazini, A. Borri, Confinement of brick masonry columns with CFRP 
materials, Compos Sci Technol. 67(9) (2007) 1772-1783. 
[21]. M.A. Aiello, F. Micelli, D. Valente, FRP confinement of square masonry columns 
ASCE J Compos Constr. 13(2) (2009) 148–158 
[22]. V. Alecci, M. De Stefano, R. Luciano, L. Rovero, G. Stipo, Experimental 
Investigation on Bond Behavior of Cement-Matrix–Based Composites for Strengthening of 
Masonry Structures, ASCE J Compos Constr. 20(1) (2016) 04015041. 
Jo
ur
al 
P
e-
pr
of
24 
 
[23]. M. Di Ludovico, C. D’Ambra, A. Prota, G. Manfredi, FRP confinement of tuff and 
clay brick columns: experimental study and assessment of analytical models, ASCE J 
Compos Constr. 14(5) (2010) 583–596. 
[24]. C. Faella, E. Martinelli, S. Paciello, G. Camorani, M.A. Aiello, F. Micelli, E. Nigro, 
Masonry columns confined by composite materials: experimental investigation, Compos Part 
B Eng. 42 (4) (2011) 692–704. 
[25]. F. Micelli, M. Di Ludovico, A. Balsamo, G. Manfredi, Mechanical behaviour of FRP-
confined masonry by testing of full-scale columns, Mater. Struct. 47(12) (2014) 2081–2100. 
[26]. J. Witzany, T. Čejka, R. Zigler, Failure mechanism of compressed short brick 
masonry columns confined with FRP strips, Constr Build Mater. 63 (2014) 180-188. 
[27]. K.S. Alotaibi, K. Galal, Axial compressive behavior of grouted concrete block 
masonry columns confined by CFRP jackets, Compos Part B Eng. 114 (2017) 467-479. 
[28]. Y. Wu, Y. Yun, Y. Wei, Y. Zhou, Effect of predamage on the stress-strain 
relationship of confined concrete under monotonic loading, J. Struct. Eng. 140 (2014) 
04014093. 
[29]. Micelli F, Cascardi A, Aiello M A (2018) A Study on FRP confined concrete in 
presence of different preload levels. In: Proceedings of the 9th international conference on 
fibre reinforced polymer (FRP) composites in civil engineering—CICE, Paris, France, pp 17–
19.  
[30]. M.R. Valluzzi, On the vulnerability of historical masonry structures: analysis and 
mitigation, Mater Struct 40(7) (2007) 723–743. 
[31]. D.V. Oliveira, R.A. Silva, E. Garbin, P.B. Lourenço, Strengthening of three-leaf stone 
masonry walls: an experimental research, Mater Struct. 45 (2012) 1259–1276. 
[32]. S.S. Prakash, P. Alagusundaramoorthy, Load resistance of masonry wallettes and 
shear triplets retrofitted with GFRP composites, Cem Concrete Compos. 30 (2008) 745–61. 
[33]. B. Luccioni, V.C. Rougier, In-plane retrofitting of masonry panels with fibre 
reinforced composite materials, Constr. Build. Mater. 25 (2011) 1772-1788. 
[34]. S.S. Prakash, M. Aqhtarudin, J.S. Dhara, Behaviour of soft brick masonry small 
assemblies with and without strengthening under compression loading. Mater Struct. 49(7) 
(2016) 2919–2934. 
[35]. A. Brencich, L. Gambarotta, Mechanical response of solid clay brickwork under 
eccentric loading. Part II: CFRP reinforced masonry, Mater Struct. 38 (2005) 267–273. 
[36]. J. Witzany, R. Zigler, K. Kroftova, Strengthening of compressed brick masonry walls 
with carbon composites, Constr Build Mater. 122 (2016) 1066-1079. 
[37]. Eurocode 6. Design of masonry structures Part 1-1: General rules for reinforced and 
unreinforced masonry structures. BS EN 1996-1-1: 2005, BSI 
[38]. BS EN 772-13:2000, Methods of test for masonry units. Determination of net and 
gross dry density of masonry units (except for natural stone), BSI 
Jo
ur
na
l P
e-
pr
of
25 
 
[39]. BS EN 772-1:2011+A1:2015, Methods of test for masonry units. Determination of 
compressive strength, BSI. 
[40]. BS EN 772-6:2001, Methods of test for masonry units. Determination of bending 
tensile strength of aggregate concrete masonry units, BSI. 
[41]. BS EN 772-11:2011, Methods of test for masonry units. Determination of water 
absorption of aggregate concrete, autoclaved aerated concrete, manufactured stone and 
natural stone masonry units due to capillary action and the initial rate of water absorption of 
clay masonry units, BSI. 
[42]. Thamboo JA, Dhanasekar M, Yan C. Effects of joint thickness, adhesion and web 
shells to the face shell bedded concrete masonry loaded in compression. Aust. J. Struct. Eng 
2013; 14 (3): 291–302. 
[43]. E. Fortes, G. Parsekian, F. Fonseca, Relationship between the Compressive Strength 
of Concrete Masonry and the Compressive Strength of Concrete Masonry Units, J Mater Civ 
Eng. 27(9) (2014) 04014238. 
[44]. T. Zahra, M. Dhanasekar, Prediction of masonry compressive behaviour using a 
damage mechanics inspired modelling method, Constr Build Mater. 109 (2016) 128–138. 
[45]. N.N. Thaickavil, J. Thomas, Behaviour and strength assessment of masonry prisms, 
Case Studies Construct. Mater. 8 (2018) 23–38. 
[46]. J.A. Thamboo, M. Dhanasekar, Correlation between the performance of solid 
masonry prisms and wallettes under compression. J. Build. Eng. 2019; 22: 429–438. 
[47]. M.M.T. Lakshani, T.K.G.K. Jayathilaka, J.A. Thamboo, Experimental investigation 
of the unconfined compressive strength characteristics of masonry mortars. J. Build. Eng. 
2020, 32, 101558. 
[48]. BS EN 197-1:2011 Cement. Composition, specifications and conformity 674 criteria 
for common cements. BSI. 
[49]. BS EN 1015-10: Methods of test for mortar for masonry. Determination of dry bulk 
density of hardened mortar, BSI. (1999) 
[50]. BS EN 1015-3:1999, Methods of test for mortar for masonry. Determination of 
consistence of fresh mortar (by flow table), BSI. 
[51]. BS EN 1015-18:2002, Methods of test for mortar for masonry. Determination of 
water absorption coefficient due to capillary action of hardened mortar, BSI. 
[52]. BS EN 1015-11:1999, Methods of test for mortar for masonry. Determination of 
flexural and compressive strength of hardened mortar, BSI. 
[53]. ASTM C780-19, Standard Test Method for Preconstruction and Construction 
Evaluation of Mortars for Plain and Reinforced Unit Masonry, ASTM International, West 
Conshohocken, PA, 2019. 
Jo
u
na
l P
re
-p
ro
of
26 
 
[54]. ACI 440.2R-08. Guide for the design and construction of externally bonded FRP 
systems for strengthening concrete structures. ACI Committee 440, American Concrete 
Institute. Farmington Mills, MI; 2008. p. 76. 
[55]. BS EN 1052-1: Methods of test for masonry. Determination of compressive strength, 
BSI. (1999). 
[56]. A. Drougkas, P. Roca, C. Molins, Compressive strength and elasticity of pure lime 
mortar masonry, Mater. Struct. 49 (2016) 983-999. 
[57]. J. Segura, L. Pela, P. Roca, Monotonic and Cyclic Testing of clay brick and lime 
mortar masonry in compression, Constr. Build. Mater. 193 (2018) 453-466. 
[58]. Zahra, T., Jelvehpour, A., Thamboo, J.A., Dhanasekar, M. Interfacial transition zone 
modelling for characterisation of masonry under biaxial stresses. Constr. Build. Mater. 249 
(2020) 118735. 
[59]. Thamboo. J.A, M. Dhanasekar, Assessment of the characteristics of lime mortar 
bonded brickwork wallettes under monotonic and cyclic compression, Const. Build. Mat. 261 
(2020) 120003. 
[60]. E. Bernat, L. Gil, P. Roca, C. Escrig, Experimental and analytical study of TRM 
strengthened brickwork walls under eccentric compressive loading, Const. Build. Mat. 44 
(2013) 35–47. 
[61]. E. Bernat-Maso, L. Gil, C. Escrig, Analysis of brick masonry walls strengthened with 
fibre reinforced polymers and subjected to eccentric compressive loads, Constr. Build. Mater. 
84 (2015) 169–183,  
[62]. M. Dhanasekar, A.W. Page, P.W. Kleeman, The failure of brick masonry under 
biaxial stresses. Instn. Civ. Eng. 79 (1985), 295–313. 
[63]. J.A. Thamboo, M. Dhanasekar, Behaviour of thin layer mortared concrete masonry 
under combined shear and compression, Aust. J. Struct. Eng. 17(1) (2016) 39-52. 
[64]. H. Muguruma, M. Nishiyama, F. Watanabe, H. Tanaka, Ductile behavior of 
highstrength concrete columns confined by highstrength transverse reinforcement, in: 
Proceedings, of the ACI International Conference, Vol II, 1991,877– 891. 
[65]. J.A. Thamboo, T. Zahra, R. Dhanasekar, Development of design methodology for 
mortarless masonry system: Case study – a resettlement housing colony, J. Build. Eng. 27 
(2020) 100973. 
[66]. L. Cavaleri, A. Failla, L. La Mendola, M. Papia, Experimental and analytical response 
of masonry elements under eccentric vertical loads, Eng Struct. 27 (2005) 1175–1184. 
[67]. O.A. Cevallos, R.S. Olivito, R. Codispoti, L. Ombres, Flax and polyparaphenylene 
benzobisoxazole cementitious composites for the strengthening of masonry elements 
subjected to eccentric loading. Compos Part B Eng. 71 (2015) 82-95. 
Jo
ur
na
l P
re
-p
ro
of
